Alzheimer's disease (AD) is a neurodegenerative condition characterized histopathologically by neuritic plaques and neurofibrillary tangles. The objective of this transcriptional profiling study was to identify both neurosusceptibility and intrinsic neuroprotective factors at the molecular level, not confounded by the downstream consequences of pathology. We thus studied post-mortem cortical tissue in 28 cases that were non-APOE4 carriers (called the APOE3 group) and 13 cases that were APOE4 carriers. As APOE genotype is the major genetic risk factor for late-onset AD, the former group was at low risk for development of the disease and the latter group was at high risk for the disease. Mean age at death was 42 years and none of the brains had histopathology diagnostic of AD at the time of death. We first derived interregional difference scores in expression between cortical tissue from a region relatively invulnerable to AD (primary somatosensory cortex, BA 1/2/3) and an area known to be susceptible to AD pathology (middle temporal gyrus, BA 21). We then contrasted the magnitude of these interregional differences in between-group comparisons of the APOE3 (low risk) and APOE4 (high risk) genotype groups. We identified 70 transcripts that differed significantly between the groups. These included EGFR, CNTFR, CASP6, GRIA2, CTNNB1, FKBPL, LGALS1 and PSMC5. Using real-time quantitative PCR, we validated these findings. In addition, we found regional differences in the expression of APOE itself. We also identified multiple Kyoto pathways that were disrupted in the APOE4 group, including those involved in mitochondrial function, calcium regulation and cell-cycle reentry. To determine the functional significance of our transcriptional findings, we used bioinformatics pathway analyses to demonstrate that the molecules listed above comprised a network of connections with each other, APOE, and APP and MAPT. Overall, our results indicated that the abnormalities that we observed in single transcripts and in signaling pathways were not the consequences of diagnostic plaque and tangle pathology, but preceded it and thus may be a causative link in the long molecular prodrome that results in clinical AD.
Introduction
Alzheimer's disease (AD) is a devastating neurodegenerative disorder that afflicts B5 million Americans, most of whom are elderly. One underappreciated approach to developing therapeutic strategies comes from findings that have observed clear differences in the severity of neuropathology between different cortical brain regions in AD. Primary somatosensory cortex (BA 1/2/3) remains relatively uncompromised until late in the disease process, whereas lateral temporal cortex, including the middle temporal gyrus (BA 21) , becomes involved at relatively early stages. [1] [2] [3] [4] The mechanism by which this occurs has remained elusive. The primary aim of this study was to elucidate differences in gene expression profiling between brain regions susceptible to AD pathology and regions that are relatively spared. In principle, this would allow greater understanding of both intrinsic protective and susceptibility mechanisms in individuals at high risk for the disease.
As we were interested in identifying changes in expression that might be associated with early neuroprotective and/or pathogenic responses and not the consequences of AD pathology, we studied postmortem brain tissue of individuals who did not have diagnosable AD neuropathology (that is, plaques and tangles), but nevertheless were at high risk to develop AD on the basis of their APOE genotype. APOE is the largest and best replicated genetic risk factor for late-onset AD. 5 The disadvantageous E4 allele is associated with an odds ratio of 3.5-4 for AD in heterozygotes and 12-15 in homozygotes. Thus, we could classify cases into two groups: a low-risk group comprised of non-APOE4 carriers and a high-risk group comprised of APOE4 carriers.
Several previous studies attempted to identify disease-related factors in brain tissue from AD cases; many were subjected to a variety of conceptual and technical criticisms. We were able to address and overcome these problems that have made interpretation of earlier results problematic: 6, 7 mRNA variability (high RNA integrity number (RIN), cases and controls X7); pH (mean = 6.6); differential medication history between cases and controls (cases were not on psychotropic or anti-Alzheimer's medications); agonal state (death was not protracted); validation (using real-time quantitative PCR, RT-qPCR); statistical issues, including corrections for multiple comparisons and use of permutation analyses; downstream consequences of late-onset end-stage AD (cases did not have AD-related plaques and tangles, but, by intention, were at markedly elevated risk for AD). Several studies used relatively small sample sizes; to our knowledge, the sample size in this study is the largest in the preclinical AD literature.
Materials and methods

Human brain samples and platform
Human brain tissue from normal control subjects (N = 41) without any history of neuropsychiatric illness, neurological disease or drug abuse was obtained from the Clinical Brain Disorders Branch of the NIMH. The gray matter from BA 21 and BA 1/2/3 were obtained for each subject using a high-speed hand-held dental drill. Demographic characteristics of this cohort were as follows: age (years) = 41.9 ± 10.3 (range 24-59); sex = 34M/7F; pH = 6.6±0.29; post-mortem interval (PMI) (hours) = 31.9 ± 16.4; RNA-RIN: BA21 = 8.0 ± 0.5 and BA1/2/3 = 8.3 ± 0.5. We note that RNA quality is more closely related to RIN and pH than PMI. 8, 9 In our sample, RIN and pH were equivalent and high in both APOE groups.
Of the 41 brain samples used for the microarray study, genotyping determined that 24 cases were E3 homozygotes and four cases were E3/E2 heterozygotes. These 28 cases constituted a non-APOE4 group, called hereafter the APOE3 group. Thirteen cases were APOE4 carriers (eleven E4/E3 heterozygotes and two E4 homozygotes).
Neither age, PMI, pH, nor critically RIN differed between the APOE3 and APOE4 groups by t-test (all P-values > 0. 23 ). An imbalance in sex was observed (six females in the E3 group, one in the E4 group), leading us to block by sex in our analyses of variance (Supplementary Materials and Methods).
Tissue samples from frozen blocks were pulverized and total RNA was extracted using standard procedures as previously described. 10 Briefly, total RNA (DNAse treated) was isolated using an RNeasy kit with a QIAshredder column (Qiagen, Valencia, CA, USA) and measured for quality using Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). No RNA samples with RIN values < 7.0 were included in this study. Microarrays were used according to the manufacturer's guidelines (Illumina, San Diego, CA, USA). Total RNA (260 ng) was converted to cDNA by reverse transcription using ArrayScript reverse transcriptase and T7-oligo (dT) 24 primers, followed by second-strand synthesis to generate double-stranded cDNA. After purification, the cDNA was converted to biotin-labeled cRNA (Totalprep RNA Labeling Kit, Ambion, Austin, TX, USA), hybridized to the microarray platform: HumanWG-6_V2 Expression BeadChip (Illumina), and stained with streptavidin-Cy3 for visualization. Two technical replicates with independent cDNA and cRNA synthesis steps were used per brain sample. A total of 164 microarrays were run (41 samples Â 2 regions Â 2 technical replicates).
Pathology
Routine neuropathology did not reveal evidence of AD (amyloid deposits, neuritic plaques or neurofibrillary tangles) in these samples. In all cases, a neuropathological examination was carried out on tissue samples taken from the frontal, temporal and occipital lobes, parietal lobe convexity and cerebellar vermis using hematoxylin-eosin and Bielschowsky's silver impregnation adapted for paraffin-embedded sections. In cases suggestive of AD or other dementias, either by clinical history, gross appearance of the brain or advanced age, we also examined a sample of the caudal hippocampus with the same stains. The criteria applied for the neuropathological diagnosis of AD were age adjusted and based on those of Khachaturian; 11 see Supplementary Materials and Methods for details.
Genotyping
Total DNA was extracted from the cerebellum tissue of the same patients as previously described and genotyped. 10, 12 As noted, genotyping determined that 24 cases were APOE3 homozygotes and 4 cases were E3/E2 heterozygotes (the APOE3 group) and 13 cases were APOE4 carriers (11 cases were E4/E3 heterozygotes and 2 cases E4 homozygotes), the APOE4 group.
Data pre-processing After the probe arrays were scanned, the resulting images were first pre-processed using the BeadStudio software (Illumina), which calculates the mean fluorescence signal across all 30 replicates of each gene/transcript (AVG_Signal), along with a detection score that represents the probability that the mean signal for each gene/transcript on the chip is greater than background (that is, detection P-value). Genes/ transcripts were defined as being significantly expressed above background (as detected by the array) when each gene's detection P-value was p0.001. The expression data were then normalized within quantiles across samples of the distribution of gene expression values. The quantile normalization method was used to make the distribution of probe intensities equivalent for all samples.
BeadStudio calculates background as the average signal intensity estimated from the negative-control bead types (B700) and removes outliers using the median absolute deviation method (Illumina BeadStudio). However, previous studies 13 and our own pilot studies indicated that background subtraction had a negative impact on data quality (for example, it lowered correlation coefficients between technical replicates), so we therefore exported data that were normalized, but that did not undergo background subtraction. As a result of this processing, 26 357 of 48 701 possible transcripts met criteria and were used in all subsequent analyses in BRB Array Tools 3.7 developed by NIH (http://www.linus.nci.nih.gov/BRB-ArrayTools.html).
Statistical analysis
Normalized data were processed using a 'double subtraction' method. First, interregional differences were computed for each transcript for each case. Thus, expression values from BA 1/2/3 were subtracted from expression values from BA 21. These difference scores were then imported to BRB Array Tools and processed within the univariate module. Technical replicates of the same sample were averaged. The APOE3 and APOE4 groups were compared and contrasted on these difference scores (hence 'double subtraction'). Likelihood ratio test statistics (F-test) were used to investigate the significance of the difference score between the classes, that is, an F-test was computed separately for each transcript using the normalized intensities. We report P-values for the class variable only.
Expression differences were considered statistically significant if P < 0.001. Our procedures for limiting the proportion of false discoveries involved a multivariate permutation test in which the false discovery rate was set at 0.20 as detailed in Supplementary Materials and Methods.
In our primary analysis, we examined differences in untransformed signal intensity between regions (BA 21 v. BA 1/2/3) within subjects, followed by a class comparison (that is, E3 v. E4) blocked by sex in BRB Array Tools. By doing so, we sought to determine whether the magnitude of interregional differences within subjects differed between APOE3 and APOE4 genotypes. If such class comparison were present, this would suggest the presence of neurosuscetibility and/ or neuroprotective responses. Thus, we conducted a genotype by region interaction analysis.
Cluster analysis of transcript profiles
A cluster analysis of gene expression patterns was conducted in SAS version 9.1.3 (Cary, NC, USA; Proc Cluster) as an unbiased and unsupervised method for determining patterns of expression across genes. As we were interested in the profiles of APOE3 temporal cortex and primary somatosensory cortex signal intensities and APOE4 temporal and primary somatosensory cortex signal intensities (four variables), not absolute intensity values, all intensity values were converted to z-scores based on each transcript's grand mean. Cubic Clustering Criterion ( > 2) and the difference between estimated and actual variance explained by the cluster solution (differences in favor of actual) were used to determine the number of clusters and their composition (that is, which transcripts were included in each cluster).
MDS: clustering of cases
In order to determine separation of APOE3 and APOE4 carriers at the level of individual cases, multidimensional scaling (MDS) analysis was conducted. Of the transcripts that significantly differed, a principal components analysis was conducted and three orthogonal components were identified.
14 Cases were then assigned to loci in three-dimensional space based on individualized component scores. MDS was performed using Euclidean distance as a distance metric on uncentered data. A likelihood test was conducted in order to determine the probability that two or more clusters were present, as compared with the null hypothesis.
Hierarchical clustering of expression changes
Hierarchical clustering of transcript difference scores was performed using Euclidean distance as a distance metric and complete linkage. The cluster analysis of transcripts (and cases) produces a heat map image in which the rows in the image plot represent the genes, and the columns in the image plot represent the brain samples. Thus, this reflects case profiles in terms of transcript difference scores.
Biological and signaling pathways analyses (Kyoto Encyclopedia of Genes and Genomes) LS actual P-values were based on random sampling of P-values of N probes among all probes in the array in comparison to the P-values of the N probes in the specified path, as were Kolmogorov-Smirnov (KS) based values. Interregional difference scores of signal intensity comprised the raw values that were subjected to pathways analyses; APOE genotype comprised the class comparison from which the P-value derived for individual transcripts within the prespecified path. In all, 100 000 permutations were performed for each pathway.
RT-qPCR
Validation of selected transcripts was conducted using RT-qPCR. For selected transcripts (12 genes) showing differential expression between the APOE4 and APOE3 groups, cDNA synthesis was generated for each sample with the Ambion reverse transcription Kit and oligo dT primer. For each sample, amplified product differences were measured with two replicates with locked nucleic acid chemistrybased detection. For housekeeping genes, primers and probes used, see Supplementary Materials and Methods. The RT-qPCR reactions were carried out in an ABI Prism 7900HT thermal cycler (Applied Biosystems, Foster City, CA, USA), determining the DCt and significance of the RT-qPCR-reported APOE3-APOE4 group differences. Statistical analysis on BA 21-BA 1/2/3 difference scores was performed using a Student's t-test in Microsoft Excel. Thus, we recapitulated the analytic procedures in our microarray study, but here we used gene product determined by RT-qPCR.
Functional significance of molecules for APP and MAPT processing: IPA We ascertained the functional significance of susceptibility and protective molecules to amyloid and tau pathology using Ingenuity Pathway Analysis (IPA; Ingenuity Systems, http://www.ingenuity.com). 15 We first entered our molecules of interest: the nine transcripts that we validated in RT-qPCR, as well as APOE. Fold changes for each transcript were also included in order to refine the specificity of the analysis. The transcripts served as seeds for generating networks that maximize their specific connectivity.
Additional molecules from the IPA database were used to merge smaller networks into larger ones, as selected by an IPA algorithm. The IPA 'build' algorithm was used to grow connections between the network and MAPT and amyloid b precursor (APP), proteins associated with AD pathology. A Network Value score was then generated, indicating the likelihood that the network connectivity was found by chance.
Results
Transcripts
We identified 70 transcripts corresponding to genes from RefSeq and UniGene databases that differed significantly (at P < 0.001) between the APOE3 and APOE4 carriers using 'double subtraction' analyses. The global P-value for the gene set analysis was significant (P = 0.04). In all, 51 of these transcripts survived false discovery rate analyses. The 70 transcripts, their exact P-values and difference score are listed in Table 1 . We provide descriptive information about several of these transcripts (also validated in RT-qPCR, see section on RT-qPCR) and their relevance to AD in Supplementary Results. We also directly compared APOE3 BA 21 transcripts with APOE4 BA 21 transcripts and APOE3 BA 1/2/3 with APOE4 BA1/2/3 transcripts (that is, 'single subtraction'). Results are in Supplementary Material. Genotype group separation MDS. MDS analysis (equivalent to principal components analysis) of the first three orthogonal components derived from the significant transcripts accounted for 0.59 of the total variance. The existence of two clusters (APOE3 and APOE4) was supported at a strong trend level of significance (P = 0.06) and by visual inspection of the cloud (Supplementary Figure  1) . Of two cases distant from the APOE3 cloud, one was an APOE4 homozygote.
Hierarchical clustering of expression changes. As shown in the heat map image (Figure 2 ), the hierarchical clustering of expression changes demonstrated that in the majority of cases in the APOE4 group (9 of 13) about 55% (37 of 70) of the significant transcripts identified by univariate statistics demonstrated interregional differences in expression, which were associated with strong upregulation in BA 21 lobe and downregulation in BA 1/2/3 (that is, 'red' cells). The APOE3 group demonstrated a less distinct pattern of upregulation and downregulation, suggesting that interregional differences were less robust in this group. This was consistent with the parametric analyses above. Pathway analyses Biological and signaling pathways. Altogether, 22 Kyoto pathways were identified with LS P-values of P < 0.00001 (Table 2 ). These included several of the pathways that have been implicated in previous studies of AD, including wnt signaling, calcium signaling, cell cycle, insulin signaling, oxidative phosphorylation, neuroactive ligands and receptors, and proteasome function. Nominally significant transcripts (P < 0.05) within all pathways are listed in Supplementary Table 2 and include transcripts that we examined in RT-qPCR, namely, GRIA2, EGFR and CNNTB1. The pathways and their relevance to AD are discussed in greater detail in Supplementary Results, Transcripts and Signaling Pathways. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Gene Ontology results are in Supplementary Results.
RT-qPCR
We validated our microarray findings in 9 transcripts that were chosen from the 70 transcripts that differed between the APOE groups and from the Kyoto signaling pathways: EGFR, CNTFR, CASP6, ZNF580, GRIA2, CTNNB1, FKBPL, LGALS1 and PSMC5. These transcripts were chosen on the basis of their statistical significance, role in key biological or signaling pathways, and relevance to AD pathogenesis. They are all listed in Supplementary Tables 3  and 4 , along with P-value significance levels, fold changes and fold changes determined by our microarray. Critically, for each positive finding, we found that the pattern of RT-qPCR results was consistent with that of the microarray results in terms of regional up-or downregulation for the APOE3 and APOE4 groups. A comparison of fold changes between the microarray and RT-qPCR data is in Supplementary  Figure 2 ; detailed graphs of the corresponding microarray expression values for positive transcripts are in Supplementary Figure 3 .
APOE expression
Owing to the pivotal role of APOE genotype in our study, we conducted additional statistical analyses of expression using repeated-measures analysis of variance (conducted in SAS version 9.1.3; Proc GLM). Genotype was considered a class variable and region an intrasubject repeated factor. We determined that no main effect of genotype was present (this was thus consistent with the double subtraction results) and no genotype by region interaction was present. Critically, however, a main effect of region was present (such that expression of both APOE isoforms was greater in BA 21 than in BA 1/2/3 (F = 46.72, P = 0.002), see Supplementary Figure 4a . Collapsed across APOE groups, mean expression in the temporal lobe in signal intensity units was 6836 ± 3348 s.e.m.; in the parietal lobe, it was 5040 ± 3193 s.e.m. This observation may be fundamental in understanding why cells in this region (BA 1/2/3) were able to mount presumptively neuroprotective responses, but not in temporal lobe. We validated this finding in RT-qPCR. There was an interregional difference of expression of APOE (collapsed across APOE groups) that was significant by matched pair t-test (t = 2.47, P = 0.02) and consistent with the microarray data, such that expression was lower in the parietal lobe than in the temporal lobe (Supplementary Figure 4b) .
Functional significance of findings: IPA
To examine the functional significance of our findings, we conducted a network analysis of the interrelationships among the nine molecules that we validated in RT-qPCR, and APP and MAPT (tau), the proteins associated with amyloid and tau aggregation in end-stage AD. We used IPA. Results shown in Figure 3 from IPA indicate that there are multiple direct and indirect paths from the nine molecules that we previously identified to both MAPT and APP. Eight of the nine molecules were considered Network Eligible: EGFR, CNTFR, CASP6, GRIA2, CTNNB1, FKBPL, LGALS1, PSMC5, as well as APOE. The overall network strength value was 25 (that is, P < 1 Â 10
À24
), indicating that the strength of the relationships among the molecules was unlikely to be a chance finding. We also identified two hub molecules (mean number of connections per molecules þ 2 s.d.): CTNNB1 and EGFR. They are discussed in the Supplementary Results.
Discussion
Our results yielded four primary findings. First, the earliest impetus for pathogenic processes in APOE4 individuals may come from a variety of abnormalities in signaling cascades and biological processes that involve calcium regulation, mitochondrial function, cell-cycle regulation abnormalities, apoptosis and wnt signaling. Several of these have been at the periphery of discussions about the pathogenesis of AD; in our study, they were found to be central. Second, there may be active protective processes as well as pathological processes. Third, our data suggest that there is a long prodromal period before the onset of clinical AD, given that mean age at death of our sample was 42 years. Finally, we identified lower levels of APOE transcript in BA 1/2/3 compared with BA 21. Thus, even in individuals who carry an APOE4 allele, relatively low amounts of this isoform are present in BA 1/2/3. Speculatively, this may account for the region's relative invulnerability to histopathology, either because expression levels are not high enough to promote pathogenesis or to interfere with neuroprotective adaptations. In contrast, conformation of the E4 variant including its structural and biophysical features, 51, 52 in conjunction with relatively high expression levels, may result in increased pathology in susceptible regions.
The MDS clustering also discriminated APOE3 and APOE4 cases, thus indicating that even in this early stage in a putative disease process, separation at the level of individual cases seemed to be present. The heat map data were consistent with this interpretation. Transcripts that are included as significant in these analyses were EGFR, CNTFR, CASP6, ZNF580, GRIA2, CTNNB1, FKBPL, LGALS1 and PSMC5. These transcripts were not only statistically highly significant, but were in key biological or signaling pathways that have relevance to AD pathogenesis. Analyses in IPA were consistent with this view. We found that the transcripts that we validated in RTqPCR had multiple direct and indirect relationships ('edges') among themselves and APP and MAPT processing, strongly suggesting that they affect the disease process.
We identified 22 signaling pathways and biological processes that differed between the APOE3 and APOE4 groups. Several may be of special interest because they have previously been implicated in AD, including oxidative phosphorylation/mitochondrial function, calcium signaling, cell-cycle reentry, neuroactive ligand-receptor interactions, wnt signaling and proteasome functionality. Our study suggests that they are involved in early, presumptively pathogenic features of the disease process. Our results in mitochondrial function were particularly striking. Although mitochondria have become an area of increasing importance in the study of AD and other dementias, [53] [54] [55] [56] it has generally been assumed that amyloid plaques or toxic amyloid fragments interfere with mitochondrial function. 57 Our results suggest that compromises in mitochondrial function may precede plaque formation, in keeping with experiments suggesting that mitochondrial dysfunction may precede amyloid aggregation. 56 In our study, the transcripts found to be most different between the APOE3 and APOE4 groups in this pathway were consistently downregulated in temporal lobe in the APOE4 group and included NDUF7. This is consistent with previous microarray work on mitochondrial function in AD brain tissue, that found abnormalities in complexes I, II, III, IV and V. 58 Nevertheless, it is likely that later in the disease process amyloid misprocessing amplifies mitochondrial dysfunction. 59 Figure 3 Gene network illustration demonstrating multiple interrelationships among eight key transcripts that were validated in RT-qPCR experiments and were found to be network eligible by IPA. Transcripts shown in red were upregulated in BA 21 (temporal cortex) in the APOE4 group and were considered susceptibility related; transcripts shown in green were upregulated in BA 1/2/3 (primary somatosensory cortex) and were considered neuroprotective in the APOE4 group. Edges indicate multiple direct and indirect relationships among the transcripts and their character. Other relevant genes added by IPA algorithm to connect smaller networks into larger networks are also shown. Most strikingly, connections between the key transcripts and APP, misprocessing of which results in amyloid aggregation, and MAPT, related to tau fibrillization, were also identified. Two of the transcripts were also identified as hub molecules: CTNNB1 and EGFR. These may have especially important roles in AD pathogenesis. A network legend is provided in the Supplementary Materials.
Although we did not identify molecules directly associated with amyloid processing, we are not suggesting that the amyloid cascade is not relevant for AD. There is overwhelming evidence for its importance from highly penetrant genetic mutations, transgenic animals, neuropathology and molecular experiments. 60 Rather, we think that the data in this study suggest that in APOE4-related AD, the amyloid cascade may be a consequence of earlier abnormalities in multiple neurobiological pathways; that is, it may be a cascade within a cascade.
The cluster analyses of signal intensity profiles in 70 transcripts suggest the possibility that active or dynamic protective responses occur in the BA 1/2/3, as presumptive susceptibility related changes in expression are occurring in BA 21. Nevertheless, it is possible that these changes are obligatory adaptations to E4 and are neither protective nor pathogenic in nature, that is, are neutral. Although we cannot fully rule out the latter hypothesis, we do not believe that is it likely because many of the individual genes and pathways have been implicated in AD. We also appreciate that not every individual with an APOE4 allele will develop AD. Nevertheless, as based on population prevalence figures, we estimate that only about two to three APOE3 individuals (of 28), while five to six APOE4 individuals (of 13) in the sample would have gone on to manifest AD.
The fold-change differences that we observed were often subtle. However, they survived rigorous statistical procedures. Moreover, because our subjects died B30 years on average before any of the clinical manifestations of dementia, we expected that foldchange differences would be rather small, but nevertheless measurable and reproducible.
Several previous human microarray studies with emphasis on APOE or preclinical AD are relevant to our study. Although these studies did not directly examine regional differences, nor use APOE status in younger cases to separate early pathogenic processes from the consequences of pathology, there are nevertheless several points of comparison, including abnormalities in the expression of such individual transcripts as NDUFB7 and GRIA2, transcriptionrepressor factor upregulation and mitochondrial dysfunction. [61] [62] [63] [64] [65] Detailed discussion of this human post-mortem study, as well as alternative cellular approaches to vulnerability, can be found in the Supplementary Discussion section.
More broadly, the long molecular prodrome that we found in APOE4-related AD is consistent with several neurophysiological studies and some neurocognitive studies. Both glucose metabolism reductions and abnormalities in fMRI BOLD signal in temporal lobe structures of APOE4 carriers have been found. 66, 67 APOE4 may also negatively affect memory function and rate of decline in younger populations. 68 To summarize, we found that APOE variants differed in multiple transcripts and multiple biological pathways, including those affecting calcium regulation, cell-cycle reentry and apoptosis, mitochondrial function and transcription factors. This may be consistent with broad notions about why the differences in APOE isoforms can 'translate up' to a devastating neurodegenerative disease, 69 as several pathways may interact and ultimately promote amyloid aggregation or tau fibrillization.
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